d Salmonella enterica subsp. enterica serovar Newport (S. Newport) is the third most prevalent cause of food-borne salmonellosis. Rapid, efficient, and accurate methods for identification are required to track specific strains of S. Newport during outbreaks. By exploiting the hypervariable nature of virulence genes and clustered regularly interspaced short palindromic repeats (CRISPRs), we previously developed a sequence-based subtyping approach, designated CRISPR-multi-virulence-locus sequence typing (CRISPR-MVLST). To demonstrate the applicability of this approach, we analyzed a broad set of S. Newport isolates collected over a 5-year period by using CRISPR-MVLST and pulsed-field gel electrophoresis (PFGE). Among 84 isolates, we defined 38 S. Newport sequence types (NSTs), all of which were novel compared to our previous analyses, and 62 different PFGE patterns. Our data suggest that both subtyping approaches have high discriminatory abilities (>0.95) with a potential for clustering cases with common exposures. Importantly, we found that isolates from closely related NSTs were often similar by PFGE profile as well, further corroborating the applicability of CRISPR-MVLST. In the first full application of CRISPR-MVLST, we analyzed isolates from a recent S. Newport outbreak. In this blinded study, we confirmed the utility of CRISPR-MVLST and were able to distinguish the 10 outbreak isolates, as defined by PFGE and epidemiological data, from a collection of 20 S. Newport isolates. Together, our data show that CRISPR-MVLST could be a complementary approach to PFGE subtyping for S. Newport.
T
here are over a million estimated cases of salmonellosis annually in the United States, resulting in approximately 400 deaths, nearly 20,000 hospitalizations, and an economic burden of $3.3 to 4.4 billion (1, 2) . Salmonella enterica subsp. enterica serovar Newport is the third most common serovar of Salmonella enterica subsp. enterica that causes illness, and the disease incidences attributed to this serovar increased by 46% between 1999 and 2009 (3) . In 2009, S. Newport accounted for 9.3% of total salmonellosis cases (3) . Of concern, strains that are resistant to at least seven antimicrobial agents have been isolated from humans (4), increasing the need to monitor the genetic diversity and evolutionary path of pathogenic and medically challenging strains. Some recent multistate S. Newport outbreaks were linked to contaminated cantaloupe melons (in 2012), live poultry (2012), and alfalfa sprouts (2010) (5) . Additionally, an outbreak associated with the consumption of tomatoes was identified in June 2012 in southeast Pennsylvania that resulted in 37 reported cases of illness (data from Pennsylvania Department of Health).
During outbreak investigations, following sample enrichment and positive identification of Salmonella colonies, isolates are serotyped. Next, both conventional epidemiology and molecular subtyping are used to identify the transmission routes of the specific outbreak strain. The current gold standard for typing at the strain level for Salmonella is pulsed-field gel electrophoresis (PFGE), by which rare cutting restriction enzymes are used to digest the genomic DNA and the resulting bands are resolved on an agarose gel. PFGE requires skilled personnel, does not lend itself to automation, and although standardized protocols exist that enable PFGE to be completed in 24 h, this method can take longer. Importantly, PFGE does not display equal sensitivities among different Salmonella serovars, and at times effective discrimination can be precluded in clonal serovars, such as S. Enteritidis and S. Typhimurium phage type DT104. Alternative subtyping approaches include multiple-locus variable-number tandem repeat analysis (MLVA) and clustered regularly interspaced short palindromic repeat and multiple-virulence-locus sequence typing (CRISPR-MVLST). MLVA involves amplification and fragment size analysis of polymorphic regions of DNA that contain variable numbers of tandemly repeated sequences. This approach has been used most commonly for S. Typhimurium (6, 7), S. Enteritidis (8) (9) (10) (11) , and S. Typhi (12) . An additional study by van Cuyck and colleagues used MLVA to analyze 31 different Salmonella serovars (13) . A recently published MLVA protocol for S. Newport is being modified, standardized, and validated by PulseNet USA, the electronic network for food-borne disease surveillance (14) , although this test is not yet in routine use by public health laboratories in the United States.
CRISPR-MVLST is also a molecular-based subtyping technique, which was recently developed and is based on the sequence analysis of four genomic loci in Salmonella: fimH1 (fimH), sseL, CRISPR1, and CRISPR2 (15) . There are two CRISPR loci in Sal-monella (16) , and each comprises several short sequences, called spacers, that are interspaced by conserved direct repeats. In some bacteria, homology between a spacer and a complementary target nucleic acid results in degradation of the target by sequence-specific endonucleases, providing protection from exogenous bacteriophage or plasmid DNA (reviewed in references 17 and 18). Due to both acquisition and loss of these spacer elements, CRISPRs arguably represent the most rapidly evolving prokaryotic loci (19) (20) (21) . Although originally used for spacer oligonucleotide typing, or spoligotyping, for Mycobacterium tuberculosis (22, 23) , we and others have successfully exploited CRISPR spacer sequence differences for subtyping several different pathogens, including group A Streptococcus (24) , Campylobacter species (25), Salmonella (15, (26) (27) (28) , and Shiga toxin-producing Escherichia coli (29, 30) . In Salmonella, CRISPR spacer compositions are highly conserved at the serovar level, suggesting that CRISPR sequence typing alone may be sufficient to detect, identify, and distinguish serotypes (27) . CRISPR analysis of a limited set of S. Typhimurium isolates has shown that this approach is discriminatory enough for laboratory surveillance of Salmonella infections (27) . MVLST is an adaptation of MLST schemes and involves sequence analysis of virulence genes instead of housekeeping genes (31) (32) (33) . Given that virulence genes are under greater selective pressure and therefore evolve at a higher rate, these are ideal molecular targets for subtyping pathogens (34) . Our initial studies showed that sequence analysis of both CRISPR and of two virulence genes, fimH and sseL, as a CRISPR-MVLST scheme, can provide greater discrimination than CRISPR alone (15) . CRISPR-MVLST has been most thoroughly studied in both clinical and environmental isolates of S. Enteritidis (26, 28) . Unlike most S. enterica serovars, S. Enteriditis strains exhibit high clonality and, among a large and randomized set of clinical isolates, CRISPR-MVLST was marginally more discriminatory than PFGE (28) .
To determine the utility of CRISPR-MVLST for subtyping a more genetically diverse but clinically relevant serovar, we analyzed 84 S. Newport isolates from the Pennsylvania Department of Health that were systematically collected over a 5-year period. We found that CRISPR-MVLST and PFGE had similar discriminatory abilities when we used these isolates. Importantly, using this large data set, we found, for the first time, that isolates that are closely related by CRISPR-MVLST are also similar by PFGE, and vice versa.
Further, we applied CRISPR-MVLST to successfully distinguish outbreak isolates within a blinded collection of S. Newport isolates sampled during the same period. In conclusion, we provide the first evidence that CRISPR-MVLST can be used to subtype Salmonella isolates in a real-life outbreak scenario.
MATERIALS AND METHODS
Bacterial isolates and sample preparation. A total of 84 clinical isolates of S. Newport were obtained from the Pennsylvania Department of Health and are listed in Table 1 . These isolates were selected systematically over 5 years (isolates received closest to the 1st and 15th of each month from 2007 to 2011 were selected) to represent an unbiased collection of human clinical isolates.
All isolates were stored at Ϫ80°C in 20% glycerol. Isolates were grown overnight in 2 ml LB in a shaking incubator at 37°C. DNA was isolated using the Promega (Madison, WI) genomic DNA isolation kit, following the manufacturer's directions, and pellets were resuspended in 200 l autoclaved, deionized water. DNA samples were stored at Ϫ20°C prior to PCR analysis. PFGE-XbaI analysis of all isolates was performed using standard protocols (35, 36) .
PCR amplification. Primers for amplification of all four genomic loci are listed in Table 2 . PCRs were performed in a total volume of 25 l: 1.5 l template, 0.3 l Taq (1.5 units; New England Bio Labs, Ipswich, MA), 0.2 l 10 mM deoxynucleoside triphosphates (dNTPs), 1 l of a 10 M concentration of each primer, 2.5 l of 10ϫ Taq buffer, and 18.5 l water. PCR conditions were as follows (the annealing temperatures [AT] are listed in Table 2 ): initial denaturation step of 10 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at the AT, and 1 min (for fimH and sseL) or 1.5 min (for CRISPR1 and CRISPR2) at 72°C, and a final extension step at 72°C for 8 min. PCR products were stored at Ϫ20°C. For the outbreak study, primer CRISPR1 (120) was used for PCR amplification of CRISPR1 instead of CRISPR1 (59).
DNA sequencing. PCR products were treated with 10 units of exonuclease (New England BioLabs, Ipswich, MA) and 1 unit of Antarctic alkaline phosphatase (New England BioLabs, Ipswich, MA). The mixture was incubated for 40 min at 37°C to remove remaining primers and unincorporated dNTPs. The enzymes were inactivated by incubating the samples at 85°C for 15 min. Purified PCR products were sequenced at the Huck Institute's Nucleic Acid Facility at Pennsylvania State University by using 3= BigDye-labeled dideoxynucleotide triphosphates (v. 3.1 dye terminators; Life Technologies, Carlsbad, CA) and run on an ABI 3730XL DNA analyzer, using the ABI data collection program (v. 2.0). Data were analyzed with ABI Sequencing Analysis software (v. 5.1.1). All genes were sequenced in both the forward and reverse directions to obtain doublestranded sequences for all loci. Primers used for sequencing are indicated in Table 2 .
Sequence analysis and sequence type assignment. Sequences were assembled and aligned using SeqMan and MegAlign (Lasergene 10; DNAStar, Madison, WI). The composition of spacers within a particular CRISPR locus defined the CRISPR allele and those not previously identified by our group were assigned a new numerical designation; these are highlighted in Table 3 . For each isolate, the combination of allelic type at all four loci defined the Newport sequence type, or NST. Analyses of CRISPR1 and CRISPR2 were conducted using CRISPR-finder (http: //crispr.u-psud.fr/Server/). Relationships between NSTs were calculated using BURST (www.pubmlst.org/analysis/), with a group definition of n Ϫ 1. The discriminatory power was calculated using the method described by Hunter and Gaston in 1988 (37), with strains defined as either unique NSTs or unique PFGE patterns. Unique PFGE patterns, or pulsotypes, were defined by PulseNet, using the Dice coefficient, and with an optimization of 1.5% and a position tolerance of 1.5%. The difference of one band was sufficient to call two PFGE patterns different. PFGE dendrograms were generated using BioNumerics v. 6.6.
S. Newport outbreak analysis. A summary of 20 outbreak isolates from 2012 is shown in Table 4 . This sample set contained 10 S. Newport outbreak isolates that were associated with contaminated tomatoes and 10 sporadic case isolates, all of which were obtained by the Pennsylvania Department of Health in either June or July 2012. Of the 10 outbreak isolates, 9 were from clinical specimens and 1 (M12012100001) was from a tomato. The PFGE profiles and other outbreak data were kept blinded until the completion of CRISPR-MVLST analysis. The isolates were cultured as described above.
Nucleotide sequence accession numbers. Sequences of the alleles that were identified in this study were submitted as a batch set to GenBank and assigned accession numbers KC993008 to KC993071. 
RESULTS AND DISCUSSION
CRISPR-MVLST and sequence type distribution. To quantify the discriminatory power of CRISPR-MVLST, we subtyped 84 S. Newport isolates that were systematically selected from the Pennsylvania Department of Health. To ensure that our data set represented an unbiased set of isolates, we subtyped isolates that were submitted to the Pennsylvania Health Department closest to the 1st and 15th of each month. Among 84 S. Newport isolates, we identified 23 CRISPR1 alleles, 29 CRISPR2 alleles, 3 fimH alleles, and 4 sseL alleles. For both CRISPR loci, the majority of the alleles were new and had not been observed in our previous studies: 22 new CRISPR1 alleles and 28 new CRISPR2 alleles. We found three new sseL alleles, and all three fimH alleles had been previously observed in S. Newport isolates (15) . The new alleles are highlighted in bold in Table 3 .
The combined allelic variation of these four markers provided 38 unique S. Newport NSTs ( Table 3 ). The most frequent NSTs were NST 14 (13.1% of all isolates), NST 20 (9.5%), and NST 17 (6.0%) (Fig. 1a) . The majority of NSTs, 23/40, were represented by single isolates. The overwhelming genetic diversity among different NSTs was derived from polymorphisms in CRISPR1 and CRISPR2. In none of the 38 NSTs was the sole presence of a different fimH or sseL allele responsible for defining an NST. The distinction between NST 21 and NST 42 arises from differences at both fimH (alleles 5 and 3, respectively) and sseL (alleles 57 and 56, respectively) loci, even though the CRISPR loci are the same.
Discriminatory powers of CRISPR-MVLST and PFGE. The unbiased method of isolate collection for this study allowed us to more accurately determine the discriminatory power of any given subtyping method. For this data set, CRISPR-MVLST identified 38 unique NSTs and yielded a discriminatory power of 0.9597 (Fig. 1a) . PFGE profiling of the same isolates identified 62 unique patterns and provided a discriminatory power of 0.9907 (Fig. 1b) . Both approaches yielded power that were Ͼ0.95, which complies with the conventional 5% level of acceptable probability (38) . The comparative similarity in discriminatory powers between the two methodologies suggests that CRISPR-MVLST may be appropriate for use as a single subtyping method for outbreak investigations of S. Newport.
Relationships between NSTs and PFGE patterns. Differences in CRISPR-MVLST occur through vertical transmission, and differences in PFGE patterns arise largely through horizontal gene transmission. Given these differences, we wanted to investigate whether any relationships existed between specific NSTs and spe- cific PFGE profiles. We first separately determined the relationships among different NSTs and the relationships among different PFGE patterns. BURST analysis of the 38 NSTs generated eight groups, each consisting of 2 to 5 NSTs, plus a collection of singletons that BURST was unable to assign to a group (Fig. 2) . Each group comprised a core NST that was surrounded by NSTs that differed from the core by one allele. For example, in group 5, NST 8 was the core NST and NSTs 13, 15, and 44 each shared three alleles with NST 8. We next overlaid our PFGE data to identify isolates from different NSTs that were related by pulsotype. PFGE patterns are shown as colored ovals on the BURST groups in Fig. 2 .
In the majority of cases, identical PFGE patterns were found in isolates that had closely related NSTs, such as JJPX01.0267 and JJPX01.0005 (NSTs 7 and 31 and NSTs 8 and 44, respectively), suggesting a correlation between PFGE patterns and CRISPR-MVLST results. Following this analysis, we performed the opposite analysis and created a dendrogram showing the relatedness of all the PFGE patterns identified in this study. We next overlaid our NST data, focusing only on NST groups containing isolates with multiple PFGE profiles (Fig. 3) . Similar to the previous analysis, we found that isolates related by CRISPR-MVLST had similar PFGE patterns.
We then extended our analyses to individually plot all NSTs of a BURST group onto the dendrogram and found that for five out of the eight groups, these NSTs clustered into distinct regions, as determined by the Dice coefficient (Fig. 4) . For groups 4 and 8, the NSTs did cluster, but the PFGE patterns within the groups were not as closely related as those within BURST groups 1, 2, 5, 6, and 7. This is the first time that PFGE patterns have been compared to CRISPR-MVLST sequence types, and our data show that the two methods are strongly correlated. This is surprising, given the distinct mechanisms that drive diversity for CRISPR-MVLST and PFGE.
Analysis of Salmonella serovar Newport outbreak isolates by CRISPR-MVLST and PFGE. Our next objective was 2-fold: first, to test CRISPR-MVLST using isolates from a single outbreak to validate that this subtyping method works in an actual outbreak scenario, and second, to see how CRISPR-MVLST compares to PFGE. There was a salmonellosis outbreak during the summer of 2012 in Pennsylvania that was associated with S. Newport contamination of tomatoes, and it affected 37 persons. The outbreak strain was also identified in one food sample. We performed CRISPR-MVLST analysis in a blinded study of 20 clinical S. Newport isolates that were collected during June and July 2012 by the Pennsylvania Department of Health. These isolates included 10 outbreak isolates and 10 sporadic case-control isolates (which were collected during the same time frame and from the same regions of Pennsylvania). We successfully separated the outbreak isolates from control isolates by CRISPR-MVLST: all 10 outbreak NSTs that could not be assigned to a group are listed as singletons. Individual PFGE patterns that were found in isolates that had different NSTs are shown as colored ovals, and the PFGE pulsotype is indicated by the numbers that follow JJPX01, i.e., JJPX01.0061 is shown as 0.0061.
isolates shared the same NST (NST 46) and same PFGE pattern (JJPX01.0238) (Tables 3 and 4) . Importantly, NST 46 was not observed among the remaining 10 sporadic isolates also analyzed, nor was it found in the original set of 84 isolates. Interestingly, the same PFGE pattern, JJPX01.0238, occurred in one of the isolates analyzed earlier in the work, M09029283001A. This isolate was isolated in 2009, 3 years prior to the outbreak, and bears NST 51, which differs from NST 46 at two of the four CRISPR-MVLST loci. This suggests that in this particular case, CRISPR-MVLST is more discriminatory than PFGE. The 10 outbreak isolates were also analyzed by MLVA, based on new protocols being developed by the CDC for analysis of S. Newport. Nine of the isolates clustered together, and one was an outlier, although this only differed at one of the six loci (E. Trees, unpublished data). Collectively, though a small and thus limited study, this outbreak study does show remarkable congruence between CRISPR-MVLST and PFGE and excellent concordance between both of these methods and the conventional epidemiologic data. Further investigations on additional outbreak isolates are required to fully determine the utility of CRISPR-MVLST.
Rapid CRISPR profiling based on amplicon size. Variations in the numbers and compositions of spacers within different CRISPR alleles result in different-sized CRISPR PCR products. By virtue of this observation, it has been suggested and shown by Weill and colleagues that size determination by simple gel electrophoresis of CRISPR amplicons can provide rapid initial typing of S. Typhimurium isolates (27) . This screening approach would be particularly valuable during the midst of an outbreak and in public health laboratories in developing countries where the resources for PFGE or other in-depth subtyping techniques do not exist. To test this hypothesis in S. Newport, we examined the PCR product sizes for both CRISPR loci of isolates that represented each of the nine NSTs identified in the tomato outbreak study. As can be seen in Fig. 5 , by using the combination of the PCR product sizes for CRISPR1 and CRISPR2, we were able to separate the outbreak strains (lanes 2 and 3) from the remaining strains. Although NST 46 and NST 24 isolates shared the same-sized CRISPR1 allele (compare lanes 2 and 3 with lane 7 in the top gel), these two sequence types had different-sized CRISPR2 alleles (compare the same lanes in the lower gel), confirming that size inspection of both CRISPR alleles can be used for rapid subtype screening. This approach is rapid, independent of serotyping, and could be cheaply implemented in developing countries, where equipment for sequence analysis and PFGE may not be readily accessible.
The data presented here show that both CRISPR-MVLST and PFGE have good discriminatory powers, as demonstrated among a broad set of S. Newport isolates. Although PFGE is slightly better than CRISPR-MVLST (0.9907 versus 0.9597, respectively), the latter showed good epidemiological concordance, as it could be used to group outbreak-related isolates and separate temporarily associated sporadic cases from the outbreak isolates. Our in-depth analyses also showed good correlation between related NSTs and PFGE patterns and vice versa. There are several advantages to using CRISPR-MVLST over PFGE. First, CRISPR-MVLST is one of the faster methods for Salmonella subtyping (39) ; including the DNA isolation step, it takes ϳ15 h to complete CRISPR-MVLST, whereas, at a minimum, PFGE takes 24 h. This decrease in time requirement would be beneficial during the course of an outbreak. Second, CRISPR analysis of several Salmonella serovars showed that these loci display distinct spacer contents, such that sequence analysis of the spacers can be used to determine the particular serovar (15, 27, 28) . Thus, CRISPR-MVLST could provide a oneshot approach that could be used for both serotyping of Salmonella and subtyping to the strain level. This would be advantageous, given the expense and occasional difficulty in maintaining the pool of somatic and flagella antisera for complete Salmonella subtyping. Third, although PFGE data are uploaded to the national PulseNet Salmonella database, interlaboratory data interpretation can be challenging due to small differences in banding patterns. CRISPR-MVLST data are, on the other hand, represented unambiguously by nucleotide sequences. Further benefits of CRISPR-MVLST are the potential automation of the procedure, the ability to conduct this analysis in a high-throughput manner, and sequence data that are inherently more tractable for downstream applications, such as phylogenetic and evolutionary analyses, than are PFGE data.
In summary, given the similarities in discriminating unrelated strains by both methods and the advantages that are proffered by CRISPR-MVLST, we have shown the latter as a com- 
